Abstract-This paper discusses the synthesis and simulation of RF circuits using integral passive components embedded in a packaged substrate. For any one-or two-port structure, a function approximating its response is first obtained in a rational function representation using simulated or measured data. The equivalent lumped circuit is then synthesized from the rational function. The results show that the equivalent circuits can be used to reveal the parasitic effects associated with the physical layout of the structure and simulate the response of the structure. Using both the rational functions and synthesized equivalent circuits, an RF filter has been simulated to show the accuracy.
I. INTRODUCTION
T HE TREND in portable wireless electronics is to combine digital and radio frequency (RF) circuits into a compactly packaged mixed signal module. Examples of such electronics are pagers, cellular phones, transceivers, and global positioning systems that typically function in the RF frequency range. Integral passives represent an emerging technology area that has the potential for increased reliability, improved electrical performance, size shrinkage, and reduced cost. Using this technology, surface-mount passive components used in systems can be integrated into the substrate on to multiple layers, as shown in Fig. 1 , in which surface mount components such as inductors ( ), capacitors ( ), and resistors ( ) have been integrated into the substrate using compatible materials and processes. Both organic and inorganic approaches are being investigated around the world for this technology. However, the design of circuits with integral components such as resistors, inductors, and capacitors is nontrivial due to the electromagnetic interactions causing parasitics, leading to nonideal frequency behavior. For example, a spiral inductor integrated into the substrate may resonate at discrete frequencies, thus limiting its frequency of operation, as shown in [1] . Also, the quality factor ( ) of the inductor may degrade due to the conductor losses in the structure. Hence, accurate models of integral components at RF frequencies are required.
Most RF design systems require an equivalent circuit to capture the response of a device. Though these systems have the capability to accept scattering parameters ( -parameters) directly, Manuscript received May 1999; revised August 1999. This paper was recommended by Associate Editor M. Nakhla.
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Publisher Item Identifier S 1057-7130(00)03126-8. equivalent circuits are often preferred since they help in fine tuning the manufacturing process. Though empirical models are currently available in an RF design system such as Libra, models need to be developed for new processes. In [2] , a method is presented for developing equivalent circuits using an optimization technique. An empirically based predictive modeling method is presented in [3] using equivalent circuits. Both approaches have been applied to embedded passive components. In [6] , a method is presented based on the boundary element method. In this paper, a method is presented to synthesize lumped-element circuits of embedded RF components directly from rational functions. Three basic structures have been considered, namely, one-port and two-port inductors, capacitors, and resistors. Though integral passives have been analyzed in this paper, the method developed is general and can be applied to different passive structures. In [4] , an interpolation technique was discussed which used limited data points to generate the broadband response of an RF component. The method used data from an electromagnetic (EM) simulator to generate a rational function. The technique was modified in [1] , [5] to generate a rational function with real coefficients. The rational function was used to obtain the transient response using a SPICE simulator. This paper is an extension of [1] , [4] , [5] , and [11] where the rational functions have been used to synthesize lumped element equivalent circuits. Synthesis of equivalent circuits for both one-and two-port structures in the frequency band DC-4 GHz has been discussed. Careful attention has been paid to ensure that the circuits contain mainly positive components that correlate with the physical layout of the structure. Using the equivalent circuits, an RF filter has been simulated and compared against macromodels and existing empirical models, showing their accuracy [12] .
The main contribution of this paper is to demonstrate the development of design libraries using equivalent circuits synthesized from modeled or measured data that correlate with the physical layout of the structure. This is useful for new processes where models are currently unavailable. To enable the synthesis, rational functions have been used to capture the frequency response.
II. GENERATION OF RATIONAL FUNCTIONS
This section provides details on the generation of the rational function which is similar to the method discussed in [1] and [4] . Since the synthesis procedure requires the availability of rational functions, the procedure for generating these functions have been briefly discussed in this section.
Consider a function in the frequency domain, which can be represented as (1) where , is the angular frequency and and are real coefficients. The function can be impedance, admittance, or scattering parameter. Equation (1) can be rewritten as (2) which can be represented in a matrix form 
and is a solution vector that contains all the coefficients of as (6) In (5) , are the data points at discrete frequencies. The variable " " is the number of available data points with where and are the orders of the numerator and denominator, respectively, in (1) . The coefficients in are found by solving the eigenvalue equation (7) where is the eigenvector that corresponds to the minimum eigenvalue of the matrix . The superscript " " denotes the complex conjugate transpose of the matrix . Since the matrix is Hermitian, the eigenvalues are all real. The solution vector is obtained by computing the eigenvector corresponding to the minimum eigenvalue when approaches zero. Hence, the order " " of the rational function in (1) is determined by tracking of the matrix as the order is increased. Since the coefficients and in (2) are forced to be real, the poles and zeros in (1) are either real or complex conjugate pairs.
It is important to note that the rational function in (1) was always stable for all the structures presented in this paper. However, the method presented does not guarantee a stable solution, especially when high order approximation is desired. In such cases, a stability enforcement algorithm is applied to the unstable function to make the function stable. The unstable poles of the rational function are discarded. Only stable poles are collected and their corresponding residues are updated. The residues are enforced to be complex conjugates for complex conjugate poles and real for real poles. This constraint results in a rational function with real coefficients. To illustrate the algorithm, consider the following stable poles after discarding unstable poles of a real coefficient rational function (8) For real coefficient rational functions, poles are either a pair of complex conjugates or real. Suppose that and are complex conjugates of each other, and is real. The response to be reinterpolated can be represented as (9) Since and are complex conjugates, and are also complex conjugates. The residue is real since the corresponding pole is real. The equation is written as (10) The equation can be represented in a matrix form . . . (11) where we have (12), shown at the bottom of the page. The residues are found by solving . . . (13) where denotes the transposed matrix.
As an example, consider a one-port spiral inductor with dimensions and material properties for low temperature cofired ceramic (LTCC) technology, as shown in Fig. 2 . Using an electromagnetic simulator, SONNET, the -parameter data was extracted as discussed in [1] . The rational function for this structure was developed using (1) by solving the eigenvalue equation (7). Fig. 3 shows a plot of as a function of the order "
." For , approaches zero and does not significantly decrease thereafter, showing that the minimum order of the solution is eight. The behavior in Fig. 3 was seen for the structures discussed in this paper and has been used as the criterion to choose the order of the polynomial. The solution vector is obtained as the eigenvector corresponding to the minimum eigenvalue . An important element to note is the order of the solution which rarely exceeded "8" for all the structures analyzed in this paper. This greatly simplified the enforcement of the stability condition [1] . In Fig. 4 , both the magnitude and phase response of the rational function, which represents the interpolated response of the one-port inductor, is compared to a full set of SONNET-generated data, showing the accuracy.
For a two-port structure, the function was generated similarly but by enforcing that the poles of the system are the same. For example, the -parameter of a two-port network can be represented as (14) where (15) The coefficients were obtained as before by solving for in (7) , as explained in [1] .
For two-port low-loss structures where the loss had a minimal impact on the response, lossless functions were derived to synthesize equivalent circuits. The lossless functions were derived in the form of a ratio of an even powered polynomial to an odd powered polynomial or vice versa. All the coefficients were forced to be real and positive with the zeros and poles on the -axis in the -plane. Such functions required matrix in (5) 
III. NETWORK SYNTHESIS
The rational functions in (1) and (15) are synthesizable into networks only if it is a positive real function, which have the following properties [7] , [8] .
1)
(or ) is real if is real, where is the input impedance and is the input admittance. 2) (or if . The two properties above are necessary and sufficient conditions for a synthesizable function. The following properties are implied by the properties of positive real function [7] , [8] :
1) A rational function must have real coefficients. This condition was enforced in (4) by separating the real and imaginary parts [1] . 2) All poles and zeros of the rational function lie on the left half plane. This condition results in a rational function with all positive coefficients. This condition was enforced by retaining the left half plane poles and updating the corresponding residues, as explained earlier. 3) If the function has any pole on the axis, it must be simple and have a real and positive residue. Same condition must hold for the reciprocal of the rational function. This was enforced by construction in (1) and (15). 4) The real part of the rational function must never be less than zero. This was obtained by bandlimiting the response and testing the response of the function over the frequency band of interest (DC GHz). Since the circuits were used for RF simulation over a bandwidth of 4 GHz, this was an acceptable condition.
In this paper, these properties were enforced and used to verify that the rational functions were synthesizable. It is important to note that all the structures considered in this paper did not require more than four poles. Hence, enforcing the stability and passivity (positive real function) of the circuit was possible in all the cases considered.
Consider a synthesizable and frequency-normalized positive real function, which represents the driving-point input impedance or admittance of a one-port network (16)
From
, an equivalent circuit is synthesized through subtraction of certain functions or a constant, which can then be realized using lumped components such as inductors, capacitors, and resistors. Continual subtraction reduces the order of the function until all elements are extracted. The details on the synthesis of driving point function for one-port network are available in [5] , [7] - [10] . of the one-port inductor structure L1 in Table I . Since the primary purpose of this paper is to synthesize an equivalent circuit that correlates with the physical structure, certain approximations are required to ensure that the circuit contains mainly positive components for two-port structures. Two methods were used which have been discussed in this section. For low loss structures, the components were assumed lossless to derive the equivalent circuits. This worked well for inductors and capacitors. However, for resistors, the equivalent circuit was first derived by assuming the structure to be lossless and later modified by incorporating losses through an optimizer. Rational functions approximating either impedance or admittance parameter were used to synthesize an equivalent circuit. For a two-port lossless network, the rational functions were obtained as a ratio of an even powered polynomial and an odd powered polynomial or vice versa. These functions were used to synthesize two-port lossless networks, the details of which are available in [7] and [11] .
IV. RESULTS FOR ONE-PORT STRUCTURES
Three basic RF components were considered namely inductor, capacitor, and resistor. These structures were designed using the LTCC technology ground rules with one port shorted to the ground plane. The synthesizable rational functions were first generated using -parameter data, which were obtained using a full-wave electromagnetic (EM) solver, SONNET [13] . Then the equivalent circuits were generated from the functions by using the synthesis technique described in the previous section. The equivalent circuits are wide band models that are accurate in the frequency range DC-4 GHz.
The synthesis technique presented in this paper was applied to one-port embedded inductor structures. The same metal winding shown in Fig. 2 was used and its dimensions were kept constant. However, other material and physical parameters, such as and thickness of the dielectric layers and location and conductivity of the metal, were varied to observe changes in the corresponding equivalent circuit. Table I shows cross-section of the substrate and the corresponding synthesized equivalent circuit.
Many interesting observations can be made after synthesizing the inductor with different parameters. In the case of the inductor structure , the low frequency inductance in the equivalent circuit is represented by the 9.53-nH inductor. The parasitic capacitance between the metal and the ground plane is captured by the 0.27-pF capacitor. The coupling effect between the metal winding is shown by 0.399-pF capacitor. As of the dielectric layers was increased from 5.6 ( ) to 7.8 ( ), the capacitance between the input port and the ground in the equivalent circuit was significantly increased from 0.27 to 0.486 pF. When metal winding was brought out from the middle ( ) to the surface ( ) of the substrate, the low-frequency inductance was increased from 9.29 to 12.5 nH due to the reduction in the mutual inductance between the winding and the ground plane. The parasitic capacitance between the metal and the ground was reduced from 0.486 to 0.187 pF due to the proximity of the ground plane. In all structures, the resonant circuit accounts for the resonance in the structure. In Table I , it is important to note that the topology of the circuit did not change for the structures analyzed except for inductor . Fig. 5 shows the response from SONNET and the equivalent circuit of the embedded inductor structure in Table I . The results show good agreement. For the capacitor structure shown in Fig. 6 , an equivalent circuit as shown in Fig. 7 was synthesized. In Fig. 6 , the low-frequency capacitance between the two metal plates is captured by (19.07 pF) while the effect of the interconnects are captured by and . The inductance is larger than since it includes the via for the short. For the resistor structure in Fig. 8 , an equivalent circuit as shown in Fig. 9 was synthesized. The synthesis resulted in an unavoidable negative resistor, which was replaced by a current controlled voltage source. The resistor captures the DC resistance of the resistor and the remaining elements represent parasitic effects. The negative resistor can be viewed as a skin effect correction factor required to obtain the appropriate response.
V. RESULTS FOR TWO-PORT STRUCTURES
The synthesis technique was applied to a two-port inductor, capacitor, and resistor with dimension similar to the one-port case. Lossless functions were generated for every case using the data obtained from SONNET [13] . The equivalent circuits were synthesized from the resulting functions. Due to low losses, neither the inductor nor the capacitor required any loss correction. However, the resistor required loss correction, which was enforced using an optimizer. The response of all the equivalent circuits is accurate over the frequency band DC-4 GHz except Fig. 13 . Equivalent circuit of the two-port resistor in Fig. 8 . Fig. 14 . Response of SONNET (square) and the lossless equivalent circuit (circle) of the two-port resistor in Fig. 8 before optimization. the two-port inductor, which has frequency band DC-2.5 GHz. Fig. 10 shows the equivalent circuit of the two-port inductor shown in Fig. 2 . The low frequency inductance of 10 nH is shown by while and represent the parasitic capacitance between the metal and the ground plane. The inductance of the stripline leading to port 2 is captured by . Fig. 11 shows the equivalent circuit of the two-port capacitor in Fig. 6 . The -parameters of the equivalent circuit have been compared to the simulated data from SONNET, as shown in Fig. 12 . The results show good agreement. For the capacitor structure in Fig. 6 , the capacitance between the plates can be computed using the simple parallel plate capacitor formula as width length distance fF mil mil mil mil pF
This value agrees well with capacitor in Fig. 11 . Based on the physical dimensions and the electrical properties of the substrate, the interconnect leading to the capacitor has and which translates to an inductance at 2 GHz with a value GHz nH (18) The inductors and capture the inductive effect of the interconnect. The inductor is believed to be slightly higher than (18) due to the presence of . For the two-port embedded resistor in Fig. 8 , only reactive elements (inductors and a capacitor) were first synthesized. The resistors were then incorporated into the equivalent circuit and their values optimized using a gradient optimizer in microwave design system (MDS), while the value of the reactive elements were kept fixed. The optimization generated a negative resistor, which was replaced with a current controlled voltage source as in the one-port case to account for skin effect losses. The final equivalent circuit is shown in Fig. 13. Fig. 14 compares the -parameters of the equivalent circuit with only reactive elements before optimization and the data from SONNET. As can be seen, the results have large error. Fig. 15 compares the -parameters of the final circuit after the optimization with data from SONNET. In Fig. 15 , the agreement is good. The benefit of using the optimizer after synthesizing the lossless equivalent circuit is that the degree of freedom for the optimizer can be minimized, and hence, a good fit can be obtained. For the resistor in Fig. 8 , the DC resistance can be computed as The dimension of 120 mil * 30 mil of the lossy metal can be regarded as four 80.4 connected in parallel which gives a resistance of 20.1 . The sum of and in Fig. 13 gives the equivalent DC resistance. Using (18), the inductive effect of the interconnect at 2 GHz is computed as 0.57 nH, which compares well with inductors and . Using (17), the parasitic capacitance between the lossy metal and ground plane is computed as 0.91 pF, which is represented by capacitor . The value of is believed to be much higher than the theoretical prediction due to the presence of the controlled voltage source.
VI. SIMULATION USING MACROMODEL AND EQUIVALENT CIRCUIT
This section provides details on the accuracy of the synthesized equivalent circuits and the inaccuracy of the available empirical models for a new process.
A second order Butterworth bandpass filter with 3-dB cutoff frequencies at 0.8 and 1.2 GHz is shown in Fig. 16 . Using empirical models available in the library of ADS, an embedded passive component was designed for each ideal lumped element in the circuit. The geometry and its dimensions were chosen to behave closely to the ideal lumped element. Table II shows the physical dimensions and electrical parameters of the embedded passives that were used for the design. Models for the interconnects connecting the passive components have not been introduced to better understand the parasitic behavior of the embedded components. These structures were modeled using SONNET, an EM solver, to extract the frequency response except the inductor , which was modeled using empirical data. The data points were interpolated to generate rational functions, which were used to develop SPICE macromodels. Losses in the two capacitors, and , were small due to its geometry and was neglected. The response of the capacitors was represented by lossless rational functions, which are in the form of a ratio of an even powered polynomial and an odd powered polynomial or vice versa [7] , [11] . Most of the losses in the filter come from the two inductors, and , and their losses were fully incorporated. The inductor and the two capacitors were represented with a two-port macromodel using rational functions approximating the -parameter responses. The inductor was represented with a one-port macromodel approximating the input impedance. For each structure, the equivalent circuit was synthesized from the rational function, as shown in Table II . The filter circuit in Fig. 16 was constructed using Table II , with both rational functions and equivalent circuits. Fig. 17 shows the filter using empirical models in ADS.
The response for each modeling technique is shown in Fig. 18. In Fig. 18 , macromodels represent the rational functions, shown in Table II , which were directly integrated into SPICE using the Laplace function. The filter response using SPICE macromodels agrees well with the equivalent circuit model. However, a noticeable difference is observed between the responses of the macromodel and the empirical model available in ADS, showing discrepancy between full-wave solution and empirical solution. Hence, the method discussed in this paper can be used to develop models for new processes where empirical models are inaccurate.
It is believed that both the macromodeling and network synthesis approaches give acceptable responses and can be useful to designers. Since both methods are accurate, scalable models [14] that provide a mapping between the physical and electrical parameters can be developed for all the components, which can reside in a design library.
VII. CONCLUSION
Synthesis of equivalent circuits from rational functions was discussed in this paper. The method was successfully applied to integral passive structures such as inductors, capacitors, and resistors, which are used in packaging. In all the cases considered, correlation between the equivalent circuit and the physical layout was observed.
The synthesis technique presented in this paper is desirable in a number of ways. First, from only a partially available set of data points, an equivalent circuit that accurately models the behavior of any embedded structure can be generated. For all the structures tested in this paper, the minimum number of data points did not exceed eight. Second, the model can be integrated into an RF design system using which scalable models can be constructed. Most significantly, the equivalent lumped models can be used to reveal parasitics, coupling, and losses in the structure. Deeper understanding of such unwanted effects may lead to improved design of integral passive components.
